Infrared observations (0.8-2.5 m) of 42 asteroids in the X complex are presented. Previous studies of these asteroids and their taxonomic classes are summarized using both the Tholen and the Bus-Binzel taxonomic systems. With this study we seek to extend our compositional information about X-complex asteroids in order to refine our knowledge of the geologic structure of the asteroid regions. Our results suggest that there may be a type of material among X-complex objects that is not related to E-, M-, or P-type object material. This, in turn, suggests that albedo should not be the only criterion for a mineralogy-based subclassification of X-complex objects.
INTRODUCTION
We are conducting a program of infrared observations of the X-complex asteroids, a mysterious class of objects with ambiguous taxonomic and mineralogical interpretations. (The X complex includes E-, M-, P-, and X-types from Tholen [1984] and Xe-, Xc-, Xk-, and X-class asteroids from the Bus & Binzel [2002b] taxonomic system.) Infrared spectroscopy is critical to understanding the composition of X-complex asteroids because visible-wavelength spectra are often degenerate (exhibit no mineralogically diagnostic differences). The motivating questions we ask are as follows: What are the X-types made of ? How would knowledge of their composition change our picture of the geologic structure of the asteroid regions?
X-type asteroids are important in the main belt, yet we do not understand their composition or meteorite linkage. This is an outstanding problem in asteroid-meteorite studies because (1) X-types are a significant fraction of the spectrally classified asteroid main-belt population, making up approximately 20% of the main belt (Tholen 1984; Bus 1999) , and (2) models of the geologic structure of the asteroid belt depend partly on the composition of the X-types Gaffey et al. 1989; Clark 1996) . Mothé-Diniz et al. (2003) have recently mapped out the distributions of the main ''complexes'' of asteroid classes, namely, the C, S, and X complexes. Using a bias correction, their results indicate that the X complex peaks around 2.9-3.1 AU, whereas the C complex peaks from 3.1 to 3.3 AU and the S complex peaks from 2.2 to 2.9 AU. These findings suggest that X-types may be transitional objects in terms of composition, orbital evolution, or both.
In this paper, we present preliminary results of a project we have undertaken to constrain the composition of X-complex asteroids. We have observed 42 X-complex asteroids in the infrared from 0.8 to 2.5 m, including eight Xe-types, three Xc-types, one Xk-type, eight E-types, four M-types, and two P-types. This study summarizes and extends what is known about these asteroids and their taxonomic classes. We present our results and draw conclusions about the compositional affinities of X-complex objects based on the extended wavelength coverage.
PREVIOUS WORK

Definition of an X-Type Asteroid
The X-type asteroids (also known as EMP asteroids) are a group of objects that were first identified as indistinguishable on the basis of their visible-wavelength spectral properties as found in a principal components analysis of the Eight-Color Asteroid Survey (ECAS) data of 589 asteroids (Tholen 1984; Zellner et al. 1985) . In the visible wavelengths, X-types are smoothly flat or slightly red and do not exhibit many spectral features. By convention (Bowell & Lumme 1979; Tholen 1984) , X-types with measured geometric albedos at 0.55 m have been classified into E-, M-, and P-types, where E-types (designated ''E'' based on their possible link to enstatite meteorites) are high-albedo objects, P-types are low-albedo objects (there are no meteorite analogs for these objects), and M-types (designated ''M'' based on their possible link to metallic meteorites) are intermediate (see Table 1 ). An X-type asteroid is sometimes described as an ''EMP'' asteroid for which we do not have albedo information. Tholen also assigned multiletter taxonomic designations to many asteroids, indicating the ambiguity of their spectral characteristics. For example, an XC asteroid could be either an X-or a C-class object.
The Bus & Binzel (2002a , 2002b definition of an X-type asteroid differs only slightly from the Tholen (1984) definition. Bus & Binzel based their main compositional groups on the Tholen system by observing many of the same targets and correlating their principal components analysis. This makes the overall structure of the two taxonomies roughly comparable. The differences are that Bus & Binzel used a wavelength range of 0.4-0.9 m, whereas Tholen used a wavelength range of 0.3-1.0 m, and Bus & Binzel did not use albedo to subdivide the X complex, whereas Tholen did. Bus & Binzel (2002b) found subtle features in X-type asteroid spectra. Although the compositional implications of these features are not yet understood, Bus & Binzel subdivide the X-types on the basis of the features. The Xe designation is given to any X-class asteroid that possesses an absorption feature at 0.49 m. Xc objects have a broad, very gradual convex-up curvature from 0.55 to 0.80 m, with slopes across the wavelength range 0.55-0.70 m less than or equal to 0.26. Xk objects also have a broad, very gradual convex-up curvature from 0.55 to 0.80 m, with slopes across the wavelength range 0.55-0.70 m greater than 0.26. The Bus analyses imply possible X-type affinities with unexpected asteroid classes, such as the C-and K-types.
Composition
Statistically, not much is known about the composition of X-class asteroids. Commonly used metrics of asteroid variability and composition include albedo, continuum slope, and absorption-band centers and depths. Using only previous work, these metrics are shown in Table 1 for some important X subclasses and their proposed meteorite analogs. Meteorite measurements are from Gaffey (1976) , and telescopic spectra are from ECAS (0.3-1.1 m) and the 52-Color Asteroid Survey (0.8-2.5 m) (Zellner et al. 1985; Bell et al. 1988) .
One difficulty with meteorite-asteroid studies is that we do not have meteorite analogs for all possible parent-body compositions. Observations by Jones et al. (1990) and Rivkin et al. (1995 Rivkin et al. ( , 2000 have shown evidence for the existence of hydrated minerals on some E-and M-type asteroids. Because hydrated minerals were completely unexpected on these asteroids based on their presumed meteorite analogs, this discovery has prompted new classification designations. For example, the hydrated M-types are commonly referred to as ''W-types,'' and the hydrated E-types are commonly referred to as ''Eh-types.'' Table 2 is a summary of our previous understanding of the possible compositional interpretations and meteorite affinities of X-subclass asteroids. It is interesting to note that very different mineralogies have been suggested. The full range of possibilities includes pure nickel-iron metal meteorites (highly processed and differentiated parent asteroids), aubrite meteorites (differentiated reduced-chemistry parent asteroids), enstatite chondrites (primitive reduced-chemistry parent asteroids), and, possibly, organic-rich carbonaceous chondrite meteorites (very primitive oxidized-chemistry parent asteroids) (Zellner & Gradie 1976; Gaffey et al. 1989; Cloutis et al. 1990; Pieters & McFadden 1994) . Cloutis et al. (1990) describe laboratory spectral measurements of featureless analog materials for the M-and E-class asteroids. They show that reflectance ratios can be used to distinguish between enstatite (iron-free silicate mineral) and meteoritic metal, and they also derive detection limits for silicate minerals mixed with featureless analog materials. Zellner et al. (1985) and Bell et al. (1988) asteroid spectral surveys. Continuum slope is measured across the spectrum from a point in the visible wavelengths (0.7 m) to a point in the infrared wavelengths (1.5 m). Asteroid albedos are from IRAS (Tedesco et al. , 2002 , and meteorite albedos are laboratory reflectance at 0.55 m from Gaffey (1976) . The only objects in this table that exhibit appreciable absorption features are E-type asteroids. The central wavelength of their absorptions is 0.9 m (Clark et al. 2004 ).
Albedo
Classification of asteroids based on physical characteristics that might be linked to meteorites is usually the first step toward understanding the significance of a group of objects to the geology of the main belt. One method for classification of the X-types is to obtain their geometric albedos and utilize the convention of Tholen (1984) to assign them E, M, or P designations. This is done in Table 3 using albedos from the IRAS database (Tedesco et al. 2002 ). It appears that somewhere between 50% and 80% of X-types are probably P-types in the Tholen system (albedos less than 10%), somewhere between 20% and 40% are M-types (albedos 10%-30%), and somewhere between 1% and 10% are E-types (albedos greater than 30%). These counts may reflect relative abundances in the main belt; however, caution is advised because the IRAS data may have been biased toward greater numbers of faint objects as a result of these objects' brighter infrared fluxes (Tedesco et al. 2002) .
Shown in Table 4 are the X-complex objects organized in terms of albedo and heliocentric distance. It is interesting to note that recent data (Tedesco et al. 2002; Bus & Binzel 2002a , 2002b confirm the previously reported trend of decreasing albedo with increasing heliocentric distance Bell et al. 1989) .
Shown in Table 1 are albedos for X-complex objects (Tedesco et al. , 2002 compared with albedos for proposed meteorite analogs. Caution is advised when comparing meteorite and asteroid albedos. Albedos, as determined telescopically, are fundamentally different measurements from ''albedos'' determined in the laboratory. Asteroid albedos are whole-disk measurements referenced to a viewing geometry (0 phase angle) that cannot be obtained when measuring meteorites in the lab. Meteorite ''albedos'' are usually bidirectional reflectance measurements referenced to a viewing geometry of 30 phase angle. Reflectance changes nonlinearly between 0 and 30 phase angle, depending on surface properties and composition. This makes it difficult to compare asteroid and meteorite values. Accounting for the differences in the measurements, Clark et al. (2001) report that S-type asteroid albedos are typically 2.5 times darker than meteorite reflectances. There is a growing body of evidence that suggests that space weathering processes affect asteroid surfaces by preferentially darkening surface materials (Clark et al. 2002) . The darkening is attributable to the production of submicroscopic iron, the dispersal of preexisting opaques in the target medium, or both (Pieters et al. 2000; Hapke 2001; Clark et al. 2002) . It is possible that space weathering on asteroids obscures brighter bedrock material, which is presumably sampled by meteorites. In any case, space weathering effects are not expected to be important on E-type asteroids (because they have been linked with enstatite and other low-iron minerals), nor are they expected to be important on P-type asteroids (because carbon-rich materials do not show the optical alteration processes in the same way that more transparent materials do) (Hapke 2001; Clark et al. 2002) . However, most M-type asteroids and many other X-complex subclasses have unknown compositions and therefore unpredictable responses to space weathering processes.
Using albedo as the sole criterion for classification ignores potentially important spectral information in high-resolution visible and infrared wavelength regions that are now becoming available for observations of faint asteroids. A method of classification that employs all available mineralogically diagnostic measurements would be desirable.
Abundance
In the Eight-Color Asteroid Survey of 589 asteroids, 26% of the observed objects were classified as X-types. More recently, in a taxonomic classification of 1447 program objects from the Small Main-Belt Asteroid Spectroscopic Survey, Bus & Binzel (2002b) found that 15% of observed objects were X-types. Despite this apparent abundance of X-type asteroids, there have been no published observations of their infrared spectral properties until now, and fewer than 20 E, M, and P spectra across the entire mineralogically diagnostic wavelength region of 0.4-3.0 m have been published (Bell et al. 1988 ). Much work is needed to establish a statistical basis for the likely composition of the X complex, and new estimates for the abundances of X subclasses are badly needed.
OBSERVATIONS
Our observations were conducted at the Mauna Kea Observatories in Hawaii with the 3.0 m NASA Infrared Telescope Note.-Albedos are from Tedesco et al. (2002) . Data included in this summary came from the Planetary Data System Small Bodies Node ''Taxonomy'' table, maintained by D. J. Tholen. Although we include X-complex asteroids classified by both Tholen and Bus & Binzel, the E, M, and P designations based on geometric albedo follow the Tholen system only. Note. -Bus & Binzel (2002b) X-complex objects include X, Xe, Xc, and Xk classifications. Tholen (1984) X-complex objects include X and all X-ambiguous classifications. Albedos are from Tedesco et al. (2002) . Data included in this summary came from the Planetary Data System Small Bodies Node ''Taxonomy'' table, maintained by D. J. Tholen. Heliocentric distance data came from the AstDys database, maintained by A. Milani of the University of Pisa (http://hamilton.dm.unipi.it/cgi-bin/astdys/astibo).
a Only one object was found in this range. Fig. 1. -Spectra of X-type asteroids observed for this study. Left, all spectra normalized and offset from each other for clarity; right, the same spectra after division by a straight-line continuum fit. For this and all subsequent figures, the taxonomic type and the asteroid number are given to the right of each spectrum. An explanation of the taxonomic designations is given in Table 6 . Facility, equipped with a cooled grating and an InSb array (1024 ; 1024) spectrograph (SpeX; see Rayner et al. 2003) . Spectra were recorded with a slit oriented in the east-west direction and opened to 0B8. A filter cutting the signal below 0.8 m was used to prevent order overlap.
Following normal data reduction procedures of flat-fielding, sky subtraction, spectrum extraction, and wavelength calibration, each spectrum was fitted with the ATRAN model for telluric absorption features ( Lord 1992; Bus et al. 2003) . This procedure required an initial estimate of precipitable water in the atmospheric optical path. We calculated this using the zenith angle for the observation and the known -values (average atmospheric water) for Mauna Kea. This initial guess was iterated until the best fit between predicted and observed telluric band shapes was obtained, and an atmospheric model spectrum was generated. Following this, each asteroid spectrum was divided by the atmospheric model and then ratioed to each star spectrum, similarly reduced, before normalization at 1.0 m. The final spectra we report are averages of all ratios obtained for each object. We usually obtained three to five asteroid-star ratios for each object, minimizing chances of spurious measurements. Table 6 below lists the asteroids observed for this study. Figures 1 through 4 show the measured reflectance spectra. Spectra are normalized to 1.0 at 1.0 m and offset from each other for clarity. Straight-line continua were also fitted to each spectrum and divided out to reveal remnant spectral features. These ratio spectra are shown to the right in each figure. E-type Fig. 1 , but for E-type asteroids observed for this study. These spectra are compositionally modeled in Clark et al. (2004). asteroid spectra are shown in Figure 2 and are compositionally modeled in a separate paper (Clark et al. 2004 ).
ANALYSIS
For the purposes of this paper, we use the term ''X-complex asteroid'' to mean any asteroid with the spectral properties of an X-type. This includes objects that have been designated X, E, M, or P in the Tholen system, and objects that have been designated X, Xc, Xk, or Xe in the Bus system. We include all multiletter Tholen ambiguous classes as well (XC, XD, etc.). In effect, this unites all subclasses of X-types as members of one complex. Shown in Table 5 are all known X-complex asteroids broken down into subtypes under both the Tholen (1984) and Bus & Binzel (2002b) taxonomic systems. Much work remains to be done to understand the compositional implications (if any) of the various taxonomic groups. In this paper, we have several reasons for neglecting X-complex subdivisions: (1) as we extend observations into the infrared, analyses of the extended-wavelength observations are preferred over previous analyses restricted to visible wavelengths only, and (2) according to our best guesses at composition, E-types are probably different from P-types but M-types could be anything. Table 6 shows the Tedesco et al. (2002) albedo measurements for most of the observed objects. According to this albedo, we can apply the convention of Tholen (1984) and suggest a new class for each object. This is done in the seventh column. Right away we note that P's are most abundant, M's are next, and E's are absent. This is interesting because we randomly selected the X-class objects we observed; however, the statistics in Table 3 indicate that we probably should not have expected to find any E's. Figure 5 shows six of the X-types in this study for which there exist visible-wavelength observations from Bus & Binzel (2002a) . Note the strikingly large variations in continuum slope among these objects. Very high continuum slopes have generally been linked with the presence of possibly organic carbon-rich outer solar system materials Gaffey et al. 1989) . It is also clear that absorption features hinted at in the visible-wavelength data are indeed confirmed in the infrared. Asteroids 322, 337, 789, and 1098 all show strong evidence for the pyroxene-olivine silicate absorption at 0.9 m. However, there is no evidence of the 1.9-2.1 m second pyroxene absorption feature. Modeling has shown that up to 4 areal percent of orthopyroxene can be present in a multicomponent mixture and contribute to the presence of a band at 0.9 m without showing the second pyroxene band at 1.9 m (Clark et al. 2004 ). Most olivines show absorption features at slightly longer wavelengths than 0.9 m. The sulfide mineral oldhamite shows a feature near 0.90-0.95 m; however, orthopyroxene is petrogenetically a much more common mineral on meteorites and asteroids. If the 0.9 m feature in the asteroid spectra shown in Figure 5 had not been supported by the presence of the same feature in the visible wavelengths, it would have been difficult to draw any conclusions about its possible significance, especially as it occurs at the level of only about 2%-4%. However, since the feature does occur in both data sets we tentatively suggest that it is due to orthopyroxene, present in low amounts of less than 4 areal percent.
Armed with this information, and without getting too sophisticated, we suggest that the X-complex spectra obtained in this study can be described to first order as either possessing the 0.9 m band or not, and as either being convex or concave (up) in shape. For band detection, we used the spectra that were scaled and divided by the continuum-any spectrum with more than a 3% band at 0.9 m was determined to have the absorption. For example, in Figure 1 asteroids 50, 53, 322, 337, 709, 768, 789, 976, 1098, 1275 , and 1317 all possess the 0.9 m band. All asteroids shown in Figure 2 show the band (although it is extremely weak in 64 Angelina), all asteroids in Figure 3 show the band, and one object (87 Sylvia) in Figure 4 shows the band. We note that this feature is at the limit of the detector sensitivity, and that a band with a turnup at the short end of the wavelength range is a more secure detection than one that does not turn up again (e.g., compare the band in asteroid 1098 with the feature in asteroid 1014). To determine whether a spectrum was convex or concave in shape, we also used the spectra that had been divided by straight-line continua. By visual examination across the whole wavelength range of 0.9-2.5 m, the only objects exhibiting concave (up) spectral shape are 283, 517, 536, and 909. All others show either a convex shape or no detectable deviation from straight lines. These descriptions are included in the last columns of Table 6 .
In examining the results in Table 6 , one pattern that emerges is that concave spectra do not show the 0.9 m band. In fact, only objects in the P and X classes are concave in shape and appear to lack the 0.9 m band. Concave or flat spectra are found far more frequently in the X-types than in E-, M-, or P-types. This could indicate that there is an additional type of material in the X complex than is indicated by the E, M, and P classes. We make this suggestion cautiously, however, as it has yet to be determined how taxonomy corresponds to mineralogy (or meteorite type). No other patterns are detectable in the data. It is rather strange that this should be the case.
Shown in Figure 6 are albedo and continuum slope ranges for known E, M, and P asteroids compared with albedo and continuum slope ranges for laboratory measurements of meteorites. This rough comparison reveals some of the problems with these particular meteorite-asteroid links. For example, based on such comparisons, aubrites are a plausible meteorite analog for E-type asteroids. However, Clark et al. (2004) show that there may be three types of meteorite material represented by the E-type asteroids, and aubrites are only one of them. For another example, based on Figure 6 , enstatite chondrites are a plausible meteorite analog for the M-type asteroids. However, some M-types show distinctly metallic radar signal returns (Ostro et al. 1985) , and other M-types have been reclassified as W-types based on 3.0 m hydration absorption features found in their infrared spectra ( Rivkin 1997; Rivkin et al. 2000 ; see Table 6 ). Shown in Figure 7 are albedo and continuum slope values for objects observed in this study. Our X-types do not break down into the same ranges as E-, M-, and P-type asteroids, as shown by the parameter regions reproduced from Figure 6 . In particular, there is a large cluster of low-albedo, low continuum slope objects that does not fit into either the P-type or M-type boxes. This suggests that either (1) previously described parameter ranges should be larger or (2) there is yet another type of material among X-types, not related to E-, M-, or P-types (this was also suggested by the spectral shape comparisons). If the former scenario is assumed, then it is possible that our low-albedo, low continuum slope objects are similar to P-types or M-types. If the latter scenario is assumed, then we would need to find good evidence for a compositional explanation for continuum slope variations among P-type asteroid compositional analogs. Since P-types currently do not have a known analog in the meteorite collection, this possibility is difficult to explore.
DISCUSSION
Because of their disparate possible compositions, new insights into the composition of X-complex objects promise significant advances in our understanding of the compositional structure of the main belt. X-type asteroids are distributed throughout the main belt (Mothé-Diniz et al. 2003 ) but tend to be concentrated around 3.0 AU, similar to the M-types ( Table 7) . Thus, the X-types are primarily located between the peaks of the S-type and C-type distributions. It is believed that S-types are generally more processed materials than C-types, having experienced a greater degree of pre-and post-formation thermal evolution Pieters & McFadden 1994) . It is also believed that C-type asteroids are generally linked with more oxidized and volatile-rich meteorite types than are the S-types (Vilas & Smith 1985; Vilas & Gaffey 1989) . Hence, the fact that X-types occur between the peaks of the S-type and C-type distributions indicates their importance to our understanding of the compositional transition from S-type to C-type asteroid material.
Some X-types could be the core remnants of shattered planetesimals (like some M-type asteroids), and hence their abundance and distribution could be direct indicators of the thermal and collisional evolution of the main belt. Or, X-types could be highly reduced (oxygen-poor), thermally processed objects (like some E-types), and hence their abundance and distribution could be direct indicators of the thermochemical conditions in the protosolar nebula. Or X-types could be highly oxidized or hydrated organic-rich primitive objects (presumably like the P-types [or even the W-or Eh-types]), and hence their abundance and distribution could be tracers of organics in the solar system. Not including any albedo information, the recent Bus & Binzel analyses of X-type spectra find a possible affinity between X-and C-or K-class asteroids. Thus, it is even possible that there may be typical carbonaceous chondrite material among the X-class objects.
The link between M-types and Ni-Fe metal iron meteorites was originally based on the generally flat or slightly red M-type visible/near-IR spectra, which are similar to nickel-iron meteorites measured in the lab (Gaffey 1976; Britt & Pieters 1988; Cloutis et al. 1990 ). The existence of pure nickel-iron meteorites in our earthly collections also calls for a parent-body source Fig. 6 .-Albedo plotted against continuum slope, to show the groupings in X-subclass characteristics. Shown in thick lines are the ranges for telescopically observed asteroid types, and shown in thin lines are the ranges for proposed meteorite analogs as measured in the laboratory. These parameters were measured from Gaffey (1976) and the Bell et al. (1988) 52-Color Asteroid Survey (not on the new observations made for this study). Fig. 7. -Albedo plotted against continuum slope for all objects observed in this study. The same data are presented in Table 6 . As in Fig. 6 , thick lines are the ranges for telescopically observed asteroid types, and shown in thin lines are the ranges for proposed meteorite analogs as measured in the laboratory (from Bell et al. 1988 and Gaffey 1976, respectively) . among the asteroids. Bias-corrected abundance estimates suggest that M-types may represent 10% of the mid-belt ). Counts of nickel-iron meteorites indicate that at least 70 distinct minor planets are sampled ( Lipschutz et al. 1989) .
Are M-types primarily remnant cores of differentiated planetesimals that have been collisionally shattered and stripped of their mantles and crusts? Ostro et al. (1985) confirm that some M-types are consistent with metal compositions based on their high radar returns. However, the existence of hydrated minerals on M-types is in direct contradiction with the high temperatures (1400-1900 K ) associated with the differentiation and core formation from iron-silicate mixtures ( Rivkin et al. 2000; Haack et al. 1990 ). Interestingly, the M-types that show hydration features tend to be the larger objects in the class ( Rivkin et al. 2000) . Other data suggesting that not all M-types are metallic include radar observations of 21 Lutetia that show it to have a low radar albedo such as is observed for C-type asteroids ( Magri et al. 1999) , and the density estimates for 22 Kalliope ( based on the orbit of its satellite), which are low (2-3 g cm À3 ) compared with metal (6-7 g cm À3 ) ( Merline et al. 2002) . Hardersen et al. (2003) have recently suggested an M-type affinity to CH and/or CB chondrites based on an absorption feature at the level of 1% found near 0.9 m (Hardersen et al. 2003) . These findings indicate at least three possible lithologies among the M's: reduced enstatite-rich silicates, hydrated silicates, and metal.
